The tetrahydrofuran−water binary system exhibits an unusual closed-loop miscibility gap (transitions from a miscible regime to an immiscible regime back to another miscible regime as the temperature increases). Here, using all-atom molecular dynamics simulations, we probe the structural and dynamical behavior of the binary system in the temperature regime of this gap at four different mass ratios, and we compare the behavior of bulk water and tetrahydrofuran. The changes in structure and dynamics observed in the simulations indicate that the temperature region associated with the miscibility gap is distinctive. Within the miscibility-gap temperature region, the selfdiffusion of water is significantly altered and the second virial coefficients (pairinteraction strengths) show parabolic-like behavior. Overall, the results suggest that the gap is the result of differing trends with temperature of minor structural changes, which produces interaction virials with parabolic temperature dependence near the miscibility gap.
■ INTRODUCTION
Tetrahydrofuran (THF) is a ubiquitous organic solvent. Its uses range from liquid-phase chromatography 1 and organic synthesis to polymer chemistry. 2−4 Of particular recent interest is the finding that aqueous solutions of THF readily dissolve lignocellulosic biomass, resulting in greatly increased yields of biofuel precursor molecules. 5, 6 At temperatures between 60 and 145°C and THF/H 2 O mass ratios between 0.3 and 2.8, THF−water solutions enter a closed-loop "miscibility gap", where closed loop means that the system is miscible at temperatures below a threshold, becomes immiscible, and then becomes miscible again at a higher temperature. 7 The presence of this immiscible region is a peculiar feature, as it is found at a variety of THF/water ratios and over a wide range of temperatures. 7, 8 The miscibility gap has been described as leading to the solution going from transparent to cloudy. 8 The molecular mechanism behind this phase separation is of interest, and as such, determination of the structural and dynamical properties of the binary system over a variety of temperatures would be intriguing.
From available experimental work, a variety of structure and structure-related properties of THF−water solutions have been deduced. These include neutron diffraction-derived radial distribution functions, 9 ,10 a negative volume of mixing, 11 the existence of THF−water hydrogen bonds, 9, 10, 12 nanometerscale phase separation 13 in the miscible temperature regime, the presence of voids, 9,10,13 a preferred T-like orientation for groupings of THF molecules, 9, 10 and the presence of smooth changes in the dielectric constant of the solution with increasing concentrations of THF 14 (at temperatures and pressures below the immiscible region). Although this substantial amount of data is useful, unfortunately nearly all of it was determined only for the miscible regime. Therefore, one would ideally perform the same experiments again in the immiscible region, to complete our picture of the THF−water system. However, this has proved challenging, as the existence of the closed-loop gap is extremely sensitive to contamination. Further, isotope substitution, with regard to THF, removes the immiscible region, 7, 15, 16 allowing only an incomplete picture from neutron diffraction in the two-phase region.
Given the experimental difficulties with probing the immiscible region, computer simulations become particularly important to deploy. To date, only one simulation 17 of the THF−water system in the immiscible region has been performed, which made use of the Gibbs ensemble Monte Carlo technique and provided an approximate coexistence curve as well as some measures of structure (OW−OW radial distribution functions, THF−hydrogen to water−oxygen radial distributions, equilibrium hydrogen-bond numbers, and centerof-mass radial distribution functions) and a water-cluster analysis. 18 Although these early simulations have resolved much of the structure of the phase-separated THF−water system, the molecular mechanisms by which the gap forms are not clear. To begin to address this, we perform classical molecular dynamics (MD) simulations of the binary system at temperatures below, within, and above the experimental miscibility gap, and we examine the structural and dynamical features of the system prior to complete phase separation. We characterize the behavior over 10 different temperatures and six different THF/water mass ratios by examining the center-ofmass radial distribution functions, different coordination pairs, hydrogen-bond frequencies and lifetimes, and the diffusion behavior of each species. Furthermore, we compute the second virial coefficient/pair interaction strengths (and its constituent decomposition) of the system at each temperature and concentration. The calculations reveal significant changes related to THF and water dynamics and nonmonotonic behavior of the second virial coefficient/pair interaction strengths within and near the immiscible region.
■ COMPUTATIONAL METHODOLOGY Simulation Details. All-atom molecular dynamics simulations using the CHARMM32 19 force-field parametrization were performed at 10 different temperatures (30−165°C in 15°C increments) with six different mass ratios of THF to Table 1 for a summary of system sizes]. At each mass ratio, the number of atoms was on the order of ∼5000. This number of atoms was chosen to be small so that the system would not be able to undergo a possible complete phase separation, 21, 22 which in turn affords us the ability to sufficiently sample the preseparation configurational space and investigate the early structural and dynamic changes that lead to the onset of the miscibility gap. Each temperature/ratio combination was simulated with 10 independent realizations of 150 ns with a time step of 2 fs and a frame-saving rate (for analysis) of 2 ps. To validate that our results from the small systems will be useful in describing the onset of the miscibility gap (i.e., confirm that the gap is at least approximately reproducible by the force field used in our simulations), we also perform three large (∼100 000 atom) simulations of a mixture of 0.4 THF/water (m/m) at 30, 90, and 165°C (for at least 30 ns each) following the procedure (as outlined below) for the smaller systems.
Systems were prepared in a three-step process: initial energy minimization, pressure relaxation, and a canonical (NVT) ensemble production run. Energy minimization was performed with the steepest-descent algorithm as implemented in the Gromacs 4.6 software package 23−27 to a tolerance of 100 kJ/ (mol·nm). Pressure relaxation simulations (NPT) were performed for 2 ns at each temperature with the pressure fixed to 1 bar with the Berendsen barostat 28 and the temperature fixed with the V-Rescale thermostat. 29 Following pressure relaxation, the volume was taken to be fixed and the simulation protocol noted in the previous paragraph was followed (150 ns/simulation, 10 simulations per temperature/ ratio pair) to generate production runs for analysis, with the VRescale thermostat used to maintain the required temperature. In both the pressure relaxation and production simulations, bonds were fixed with the LINCS 30, 31 and SETTLE 32 algorithms. Analysis Details. The structure and dynamics of the THF− water system were characterized by six metrics: center-of-mass radial distribution functions (RDFs), site-specific coordination numbers, spatial density functions, numbers of hydrogen bonds (HB), HB lifetimes, and diffusion constants. In addition, the RDFs were used to further calculate the second virial coefficient/pair interaction strengths (following the McMillan−Mayer formalism 33, 34 ). Each of these metrics was calculated at each temperature/ratio pair for each independent trajectory, with the average and standard error of the mean reported.
Coordination numbers were obtained by computing site−site radial distribution functions (obtained by use of the built-in Gromacs g_rdf utility) between the THF oxygen, H1−H4, and H2−H3 hydrogen atoms and water oxygen and hydrogen atoms, followed by integration up to the first minima. Figure 1 provides an illustration of our pair selections, and Table 2 reports the integration cutoffs used. The cutoffs correspond to the location of the first minima in the corresponding site−site radial distribution functions. Although the site−site radial distribution functions had to be computed in order to obtain these coordination numbers, the massive number of site−site functions (∼600 different plots) are difficult to view, and as such they are not presented.
Spatial densities were generated by selecting a random THF molecule and averaging over the entire simulation the count of The Journal of Physical Chemistry B Article water oxygen, water hydrogen, and THF ring atoms in bins of 1 Å 3 around the selected THF atom. This was achieved with the built-in GROMACS utility g_spatial. The average densities can then be represented as contours around a THF molecule for a visualization of the coordination around THF.
Hydrogen bonds and their lifetimes were computed by use of the built-in g_hbond utility from Gromacs. Hydrogen bonds were taken to be within donor−acceptor distances of 0.3 nm with a cutoff angle of 20°. Lifetimes were computed from the autocorrelation functions of each hydrogen bond, as described by Van der Spoel et al. 35 Diffusion constants were obtained by measuring the meansquare displacement from each THF or water molecule at each time step and performing a linear regression from time step 15 000 (15 ns) to 135 000 (135 ns) for each realization. The mean diffusion constant value for each temperature/ratio pair (computed over all independent trajectories at that temperature/ratio pair) is reported along with the standard error of the mean (SEM).
The (osmotic) second virial coefficient/pair interaction strength is the following:
where r and w 2 (r, z) are the distance and the two-body potential of mean force (where z denotes that the potential mean force is being evaluated at a given activity). B 2 is a convenient measure of the self-interactions of the solution as a whole (the total second virial/two-body interaction strength) and between components (THF−THF, THF−water, and water−water). The theory behind the connection between the second virial coefficient of a liquid system and the two-body potential mean forces is well developed and documented. 33, 34 Further, noting that if z is taken to be 0, the first term of integral of the equation above is equal to the radial pair distribution function, g(r), we can quickly approximate the value of B 2 by simply integrating:
■ RESULTS Coordination Numbers and Spatial Densities. Prior to discussing the calculated atomic coordination numbers it is of interest to note that the radial distribution functions (RDFs) between the centers of mass of THF and of the water molecules (see Figures S1−S6) were also calculated, and as expected, although changes in these quantities are seen with temperature (and detailed in the Supporting Information), it is not immediately clear how these minor changes are associated with the miscibility gap. Large-scale changes in structure are not evident in the center-of-mass RDFs, and the system has not yet phase-separated in the simulations. This is not surprising, as the system size (periodic box and number of molecules) was purposely chosen to be small (as noted in Computational Methods) to prevent a possible phase separation. To show that it is only a system size limitation that prevents us from observing large-scale phase separation and that the force field allows for a lower critical point, we performed three additional simulations, at 30, 90, and 165°C (following the protocol in the Computational Methods section), of a system of ∼100 000 atoms, at a THF/H 2 O ratio of ∼0.4. After 30 ns of simulation time has taken place, clear phase separation is found in the 90°C system. However, no phase separation is observed at 30°C (even after 75 ns of simulation) or at 165°C (after 30 ns of simulation) (see Figure 2 ). These additional simulations clearly indicate that the force field used can reproduce the miscibility gap (though the exact location of the critical points is not known for our model) and that it is that the small system size that limits our observation of a phase-separation event in the simulations.
In contrast to the RDFs, alterations in the coordination numbers (Figures 3−5) are more sensitive and do provide clear insight concerning local structural changes near the miscibility gap. Coordination numbers associated with THF−THF interactions ( Figure 3) show a clear decrease with temperature, regardless of the THF concentration, and at each THF/H 2 O ratio these trends are evident. Indeed, only two major alterations are found between the coordination numbers in bulk THF and those in the binary system: first, at low concentrations of THF the coordination between THF molecules is reduced (as expected), and second, the relative coordination number of H2H3−H2H3 pairs is increased at the cost of O1−H2H3 coordination.
As expected, water−water molecule coordination also decreases with increasing temperature (Figure 4) . However, it is important to note that, in the presence of THF, the HW− HW coordination is found to be nearly the same as the OW− OW coordination for temperatures well beyond 75°C (i.e., into the miscibility gap region). Indeed, at THF/H 2 O (m/m) ratios beyond 0.31, the OW−OW and HW−HW coordination numbers are virtually the same up to temperatures of ∼120°C The Journal of Physical Chemistry B Article (see Figure S7 for a "zoom-in" on the OW−HW coordination numbers). THF−water coordination numbers ( Figure 5 and Figure S8 ) show, as above, decreasing trends with increasing temperature. Unlike the case of THF−THF related coordination numbers, an inflection-point region, between ∼75 and ∼120°C, is found for the H1H4−OW coordination number, indicating a decreased rate of structural change with temperature within this region. This is found at all concentrations, though it is most visible at 0.89 THF/H 2 O (m/m) and weakest at 0.31 THF/ H 2 O (m/m) ratio.
Further insight into the structure is given by the average spatial density of atoms, which provides a three-dimensional visualization of the coordination of the solvent species. Figure 6 shows spatial densities of water oxygen atoms (red contours), water hydrogen atoms (blue), and THF ring atoms (orange) around a sample THF molecule at the four temperatures 30, 75, 120, and 165°C for each concentration.
Consistent with the results from Figures 3−5, any coordination of THF is reduced, as all contours abate, with increasing temperature. The coordination of THF with other THF rings is shown to decrease at higher concentrations. Moreover, the hydrogen bond between the water hydrogen and the O1 oxygen of THF is clearly depicted by the position, shape, and order of the red and blue contours.
Hydrogen Bonds. The numbers of hydrogen bonds (HBs) are shown in Figure 7 and the associated lifetimes in Figure 8 . HBs between THF and water are found to be increased with increased concentration of THF (as one may expect) at the cost of water−water HBs. Despite a small loss of water−water HBs with increasing THF, water−water HBs still make up the majority of HBs in the simulations. An observation of additional interest is that the average total number of HBs that a water molecule makes at any given temperature is independent of the presence of THF; that is, the sum of the HBs between water molecules and THF and other water molecules in the THF binary system is nearly equal (within statistical error) to the number of HBs formed between water molecules in bulk water at the same temperature.
The HB lifetimes (Figure 8 ) clearly show that, in the presence of THF, water−water HBs are longer-lived (at low temperature they are nearly 5 times longer-lived at the highest THF concentration compared to bulk water). Under bulk Diffusion Constants. Diffusion constants of both THF and water are presented in Figure 9 . What is unusual here is that while the diffusion constant of THF is largely invariant of concentration (i.e., regardless of concentration, the diffusion constant of THF increases linearly until ∼120°C where the slope changes, followed by a "jump" at 165°C), the diffusion constant of the water is both reduced compared to bulk and has a region of nonlinear increase. At the lowest and highest THF concentrations, the water diffusion is "slowed" between 75 and 135°C. For the middle two THF concentrations, diffusion of water is increased. We also note that our bulk water diffusion constant measurement is consistent with that of Yeh and Hummer. 36 Second Virial Coefficient/Pair Interaction Strengths. The behavior of the second virial coefficient/pair interaction strengths as a function of temperature is presented in Figures  10 and 11 , with Figure 10 showing the composite (total effective virial) and Figure 11 the THF−THF, water−water, and THF−water interaction virials. In both representations, the virials for the THF−water systems follow a near-parabolic trend with temperature, with the minimum at 90°C, regardless of the THF/H 2 O (m/m) ratio. Comparison of the binary systems to both bulk systems (THF and water) shows that all of the binary systems tested have a total virial significantly more negative at all temperatures below 165°C than in bulk, consistent with a negative volume of mixing (as noted in the Introduction). Turning to the components of the virial, it is of note that both the THF−THF and water−water virials are concave, while the THF−water virial is convex. Moreover, the THF− water coefficients are about two-thirds the magnitude of the water−water and THF values. An additional point of interest is that the THF−THF virial is nearly invariant with concentration when the mass ratio is above 0.3. Conversely, for systems with mass ratios above 0.4 (m/m), the water−water and the THF− water virials are significantly different from those at or below this value.
■ DISCUSSION
Using all-atom molecular dynamics, we examined the THF− water binary system at 10 different temperatures ranging from 30 to 165°C and at six different mass ratios, two being the bulk limiting cases and four at ratios experimentally known to exhibit a miscibility gap at temperatures between 60 and 145°C. The goal was to elucidate the structure and dynamics of the binary system at temperatures and concentrations associated with the experimental miscibility gap.
The small-scale changes in the simulations indicate that the temperature region associated with the miscibility gap is distinctive. From our results it is clear that the largest changes prior to the formal phase separation are found in the dynamics of the system and the second virial coefficient/pair interaction strength and are coupled with small changes in molecular coordination. Calculations of diffusion and second virial coefficients from the simulations show nonmonotonic (and, for the second virial, parabolic-like) behavior (or extrema in the case of the virial) in the temperature regime associated with the miscibility gap. Further, a crossover in HB lifetimes between water−water and THF−water occurs at temperatures associated with the miscibility gap for the three highest THF concentrations.
Recent work has shown that HB lifetimes have a strong influence on water self-diffusion, with longer lifetimes corresponding to slower diffusive behavior. 37 The present results at lower temperatures are consistent with this, and as our binary systems approach the miscibility gap, HB lifetimes are also modified and correspond with the anomalous trend in the diffusion constant. Considering that water is the only component of this binary system that can both donate and accept hydrogen bonds, it might seem reasonable to argue that water−water interactions are the most significant driver of the changes in the diffusion constant and likely the miscibility gap itself. If we follow this line of reasoning, we find supporting evidence in that the water−water coordination is altered, as noted by the increase in HW−HW coordination and its resilience to temperature, relative to bulk conditions. Additionally, the fact that the strength of the water−water virial is significantly larger (in magnitude) than that of the THF−water virial can also be taken as support.
However, the argument that only water−water interactions are strengthened within the miscibility gap is flawed, as THF also demonstrates minor coordination changes, for example, enhanced H2H3−H2H3 coordination, and a THF−THF interaction virial of similar strength to the water−water virial. Therefore, instead of the origin of the miscibility gap hinging on water−water interactions alone, the changes in THF behavior are indicative that THF also plays a role. Overall, the results suggest that the miscibility gap is the result of trends with temperature leading to mismatched interaction strength between the two components, which can be seen from an examination of the temperature trends in the computed virial components. The argument for the origin of the miscibility gap then would go as follows: as the temperature increases, the THF−water, THF−THF, and water−water interactions change at different rates (see Figure S9 for derivatives of the virial coefficient). As a result, THF−water interactions are lost, followed by the enhancement of either water−water or THF− THF interactions depending on concentration (and as a result of the increase in one self-interaction, the other would effectively see an increase, as it would be more prone to find interaction partners of the same type)
The above argument actually provides a correspondence between the increased diffusion of water for the middle two THF concentrations examined here and the decreases at the higher two concentrations. For the case of 0.4 THF/H 2 O (m/ m), while water−water interactions are largely unchanged, those for THF−THF increased, implying that THF has a stronger (and more attractive) interaction with itself than with water, and as a result it acts effectively as mildly repulsive to water (which has previously been shown to increase water diffusion), 38 Interestingly, the reasoning presented above also suggests how it is that the diffusion constant for THF is not significantly modified by concentration (at least for those tested here), as the THF−THF interactions are simply uniformly stronger than THF−water for all temperatures tested. Additionally, as THF molecules do not make hydrogen bonds, their diffusion is largely unaffected by an increased (relative to the miscible region) THF−THF attraction.
As a final comment on the above result, it is useful to consider previous theoretical work on systems with miscibility gaps, particularly the lattice model by Walker and Vause 39 (inspired by observations from Hirschfelder et al. 40 ) and how our results fit into the larger picture of these types of systems. Walker and Vause 39 (and later Goldstein and Walker 41 ) have been able to successfully describe binary systems with miscibility gaps using an Ising/Potts lattice model in which interactions between dissimilar pairs in a subset of configurations (Potts states) are favorable and interactions between similar pairs (THF−THF or water−water, for instance) are negligible or mildly favorable (dependent on the version of the model). In these models, as the temperature changes, the set of energetically accessible configurations (the associated degeneracy of the Potts states) is altered, and as a result the interaction strengths between the pairs (in our case THF−THF, water− water, and THF−water) also change with temperature. When
The Journal of Physical Chemistry B Article these interactions are altered by heating or cooling, the system exhibits a miscibility gap and the effective interaction strength near and within the miscibility gap follows a parabolic-like curve, which is consistent with the results presented here. Additionally, we observe a variety of small-scale coordination changes near the experimental miscibility gap region, which would support the supposed molecular mechanism behind the Walker and Vause model, that is, that there exist direction/ state-specific interactions between the species.
■ CONCLUSIONS
This work has made use of all-atom molecular dynamics simulations to examine the structure and dynamics of the THF−water binary system near and within the immiscible region. The results suggest that the origin of the miscibility gap is the result of mismatched rates of change (with temperature) of many minor structure changes, which induce large changes to interaction strengths and produce pair interactions that have a parabolic temperature dependence. 
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